Introduction
The chemistry of univalent gold species has been well studied throughout the past 40 years, 1 spurred primarily by the work of Nesmeyanov and co-workers. [2] [3] [4] [5] [6] [7] The discovery of the tris(triphenylphosphinegold)oxonium salts of the form [(Ph 3 PAu) 3 , which have been shown to exist as dimers in the crystalline phase, represented an addition to the few known species which incorporate direct Au-O bonding.
2,3
These oxonium salts have seen employment throughout the literature due to their ability to readily decompose in situ into highly reactive Ph 3 PAu + species, 7 capable of reacting with a wide array of organic species to yield corresponding aurated derivatives. Oxonium salts have been reported to react with cyclic structures such as cyclopentadiene, tetraphenylcyclopentadiene, and ferrocene, resulting in the substitution of H by AuPPh 3 . 5, 6, 8, 9 They have been reported to react with carboncontaining species such as methyl ketones, vinyl esters and ethers, and chloroform, yielding a-aurated species such as aurated acetone, aurated acetaldehyde, and trichloromethyl gold.
7 Tris(triphenylphosphinegold)oxonium salts have been shown to react with nitrogen-containing compounds such as malononitrile, N,N-diethylamides, and dicyanoacetylene to yield gold triphenylphosphine-bound species.
2,4,7,10-12 The oxonium salts have also been reported to form mixed-metal ligated clusters, with, for example, the species Au 3 CoRu 3 (CO) 12 (PPh 3 ) 3 having been synthesized utilizing tris(triphenylphosphinegold) oxonium species as a reagent.
13,14
Infrared vibrational spectroscopy is a standard technique for probing the unique vibrational ngerprint of a given molecule, which is widely utilized to identify functional groups present within a molecule of interest. For the tris(triphenylphosphategold)oxonium salts, only a rudimentary assignment of the infrared absorption features have been reported, 3 with no reports of spectra in the far-infrared region below 800 cm À1 .
This region is of importance to ligated metal cluster species as vibrational modes involving metal-metal stretching appear within this region. 15 , 16 We have previously reported the far-infrared (50-650 cm À1 ) vibrational spectra of a range of gold, ruthenium, and gold-ruthenium species, which were accompanied by computational investigations to give an insight into the specic vibrational modes which give rise to each feature within the infrared spectra. 15, 16 For all previous calculations involving species with counter-ions, the counter-ions were removed and the charge balanced for the primary cluster of interest, i.e. the counter-ions were not explicitly calculated.
The present work reports the vibrational spectra of the oxonium salts [{{Au(PPh 3 2 , and utilize density functional theory (DFT) based calculations to assign the infrared features of each of these species to specic molecular vibrational modes. Herein, we demonstrate the importance of including counter-ions within the calculations to explain all observed features within the experimental spectrum. As well, the energies of association of the counter-ions to the gold oxonium species have also been calculated, and are reported. Finally, consistent with literature reports that the salts exist as dimers, 3,7 the energy of dimerization for both oxonium salts are calculated and presented. 3 Samples were prepared by pressing varying amounts of cluster into polyethylene (PE) to form a pellet of 7 mm diameter. Due to the wide range of absorptivity that the clusters exhibited across the measurement window, the spectra were recorded at several dilutions by mass in PE. For [{{Au(PPh 3 )} 3 (m 3 ÀO)} 2 ]
Experimental & computational procedures
2+ (BF À 4 ) 2 , the spectra reported were recorded with a pure pellet of cluster (solid line in Fig. 1a ) and a 1 : 3 cluster : PE (solid line in Fig. 1b) 2+ (MnO À 4 ) 2 , the spectra reported were recorded at 1 : 1 cluster : PE (solid line in Fig. 2a ) and 1 : 3 cluster : PE (solid line in Fig. 2b ) dilutions by mass.
The far-IR absorption spectra were recorded using the IFS125 Bruker FT spectrometer located at the far-IR beamline, at the Australian Synchrotron. The transmission spectrum for each sample was recorded from 50 to 800 cm À1 , at 1 cm À1 resolution utilizing the synchrotron light source (200 mA in top-up mode), with a 6 micron thick multilayer Mylar beamsplitter in combination with a Si bolometer detector. This bolometer was equipped with an 800 cm À1 far-IR cut-on cold-lter consisting of a 13 micron PE lm overlaid with a 6 micron diamond scatter layer. All spectra were recorded at room temperature, and have been baseline corrected. 24 The counterions and solvent molecules were removed from this structure, and electrons removed from the dimer to balance the charge; a comparison between the X-ray crystal structure and the nal optimized gas-phase structure is shown in the ESI (Fig. S1 †) and this structure was further optimized at the same level of theory. Several potential starting counter-ion positions were investigated, and for each species the global minimum structure was utilized for frequency calculations and analysis. The charge was explicitly held on each molecule within all calculations which included counter-ions, i.e. the BF 2+ species was held at +2 formal charge. All calculations were performed as closed-shell species. The optimizations were all performed in the C 1 point group, with no potential symmetry identied for all systems. The calculations were carried out using a larger than default grid (Gaussian keyword "int ¼ ultrane") for numerical integral evaluation, with all other cut-offs being le at the default. Each geometry optimization was followed by a harmonic frequency calculation to conrm that the geometry was a true minimum with no imaginary frequencies. To obtain the predicted IR spectra, each predicted stick spectrum was convoluted with a Gaussian line shape function with 8 cm À1 full width at half maximum using the GaussView 5 program, to best match the experimental spectra. Full geometric information for each optimized structure is provided in the accompanying ESI. †
Results & discussion
The predicted spectra over the range 50-800 cm Fig. 1 and 2 as the lower dotted lines. The assignments of peaks observed in the experimental spectra to the theoretically predicted spectra for both clusters are shown in Table 1 , along with a breakdown of the major vibrational motions for each feature. These spectra only include the calculated fundamental vibrations and do not include overtones or combination bands. For both Fig. 1 and 2 , as well as all values in Table 1 , the theoretical infrared spectrum has been scaled by the functional-independent correction factor (eqn (1)) reported by Fielicke and co-workers for low-frequency vibrations predicted by DFT calculations. 25 This has been used by us previously to obtain better agreement for far-IR transitions than traditional vibrational frequency correction schemes.
For Fig. 1 (Fig. 2 ). This peak numbering scheme is the same as that used in Table  1 for the assignments of peaks to predicted vibrational modes. Also shown in Fig. 1 and 2 (Fig. 1a) contains two main features of interest. Below 100 cm À1 , there is a broad, featureless peak with a maximum intensity at 65 cm À1 , which we have previously attributed to phenyl group motions that are dampened in the solid phase compared with the gas phase calculation. 15 The second feature, with maximum intensity at 107 cm À1 , is assigned to peak #4 in the predicted spectrum. This peak arises from a combination of thirteen vibrational motions of varying infrared activity involving motions of the Au core. Based upon our previous work, (Fig. 2a) is obscured by a moderate amount of fringing. These fringing effects are similar to that observed in our previous work for H 4 Ru 4 (CO) 12 , 16 and arise due to multiple reections between parallel reective surfaces within the experimental setup; efforts to remove them were not successful. (peak #16), and is likely to be masked by the much more intense peak at 420 cm À1 . Fig. 3a (MnO À 4 ) 2 cases, which gives rise to these intensity differences, although these differences appear dampened in the experimental spectrum. Between 150 and 300 cm À1 , there is general similarity between the three theoretical spectra, in both intensities and peak locations, while between 300 and 400 cm À1 , a region are shown in Fig. 1b and 2b , respectively. Both spectra exhibit baseline between 700-750 cm À1 due to the complete absorption of the polyethylene used as the diluting agent in this region. 26, 27 The experimental spectrum between 400 and 500 cm (BF À 4 ) 2 spectrum, these peaks are assigned to theoretical peaks #12, #13, and #15, respectively, which are due to Ph group out-of-plane distortions, as well as a large contribution from core O motion (up to 11% for peak #15). Theoretical peak #15 is also predicted to possess a large component of counter-ion motion, almost 28% of the total atomic motion. Differences in relative intensities are observed for the 400-500 cm À1 region, which is attributed to differences in the counter-ion contribution toward the intensity of the peaks within this region, as discussed above. Above 500 cm
À1
, no signicant differences within the spectra were predicted to occur. Experimentally, almost no differences were observed between the [{{Au(PPh 3 2 spectrum. This suggests a dampening of all counter-ion vibrational modes when the sample is in the solid phase, removing the effect of these modes on the infrared spectrum.
Binding energies
The dimerization of the [{{Au(PPh 3 )} 3 (m 3 ÀO)} 2 ]
2+ species involves the formation of two Au-Au bonds across one edge of the Au 3 trimer. The two monomers are bound centrosymmetrically, with the six gold atoms forming a ring in a chair conformation (see Fig. S1-S3 ; ESI †). Within the monomer, the triphenylphosphine ligands are positioned such that an edge of the Au 3 moity is exposed, facilitating the dimerization of the species with minimal ligand repositioning, hence very little bond strain is anticipated to accompany this. 2+ is calculated at a lower 2.87 eV, while the removal of MnO À 4 is predicted to be 2.90 eV. The far-infrared vibrational spectrum of the monomer species differs from that of the dimers (see Fig. S4 ; ESI †). In particular, large differences are predicted between 400 and 475 cm À1 , with several features absent from the monomer spectrum that are present in the dimer spectrum. As well, above 475 cm À1 all features are expected to display signicant differences in relative intensities, between the monomer and dimer spectra.
Conclusions
The 2 were calculated, and found to be 3.06 eV and 3.20 eV, respectively, when the counter-ions were explicitly included within the calculation, and only 1.10 eV when the counter-ions were not included.
